Abstract: Matrix metalloproteinases (MMPs) are important proteases involved in tumor progression including angiogenesis, tissue invasion, and migration. Therefore, MMPs have been reported as potential diagnostic and prognostic biomarkers in many types of cancer. New oxadiazole, thiadiazole, and triazole derivatives were synthesized and evaluated for their anticancer effects on A549 human lung adenocarcinoma and C6 rat glioma cell lines. In order to examine the relationship between their anticancer activity and MMP-9, the compounds were evaluated for their inhibitory effects on MMPs. N-(1,3-Benzodioxol-5-ylmethyl)-2-{[5-(((5,6,7,8-tetrahydronaphthalen-2-yl)oxy)methyl)-1,3,4-oxadiazol-2-yl]thio}acetamide (8) and N-(1,3-benzodioxol-5-ylmethyl)-2-[(5-phenyl-1,3,4-oxadiazol-2-yl)thio]acetamide (9) revealed promising cytotoxic effects on A549 and C6 cell lines similar to cisplatin without causing any toxicity towards NIH/3T3 mouse embryonic fibroblast cell line. Compounds 8 and 9 were also the most effective MMP-9 inhibitors in this series. Moreover, docking studies pointed out that compounds 8 and 9 had good affinity to the active site of the MMP-9 enzyme. The molecular docking and in vitro studies suggest that the MMP-9 inhibitory effects of compounds 8 and 9 may play an important role in lung adenocarcinoma and glioma treatment.
Introduction
Lung cancer is the second most commonly diagnosed cancer and the first leading cause of cancer-related deaths, accounting for about 1 in 4 cancer-related deaths in both men and women. On the other hand, brain tumors are the first leading cause of cancer death among children and adolescents [1] [2] [3] [4] .
During the last few decades, many researchers have focused on the development of anticancer drugs that target overexpression of membrane receptors and molecules involved in tumor invasion and metastasis. One of the overexpressed molecules in different malignant tumor types are matrix metalloproteinases (MMPs) [5] [6] [7] .
MMPs, a family of zinc-dependent endoproteinases, serve pivotal functions in bone formation, vascular remodeling, and tissue allostasis. MMPs have been defined as key players in the degradation of basement membranes and extracellular matrix (ECM), which is very important for cellular behavior and widely susceptible to the proteolytic enzymes derived from cancer cells or peri-cancerous stromal cells. They have a role in normal physiologic process and also in pathological conditions such as tissue ulceration, arthritis, and cancer [7] [8] [9] . Correspondingly, a positive correlation has been reported between the overexpression of MMPs and poor prognosis in a variety of malignant tumors such as breast, prostate, brain, and lung cancers [10] [11] [12] [13] [14] [15] [16] .
MMPs constitute a multigene family in humans. They are divided into six subclasses: collagenases (MMPs 1, 8 and 13), gelatinases (MMP-2 and MMP-9), stromelysins (MMPs 3, 10 and 11), matrilysins (MMPs 7 and 26), six membrane-type MMPs, and others according to their structures and substrate specificity [16] . In particular, gelatinases stimulate tumor progression by facilitating invasion, metastasis, and angiogenesis so they are prognostic factors in many solid tumors [17, 18] . MMP-9 is expressed in all hematopoietic cells and fibroblasts existing in the tumor microenvironment. Besides that MMP-9 activity has been reported to increase in various tumor cells such as human lung, breast, ovarian, gastric cancers, acute myeloid leukemia, and chronic myeloid leukemia. Several lines of evidence have also pointed out that plasma and/or serum levels of MMP-9 are elevated significantly with the degree of malignancy of gliomas [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Apart from gelatinases, collagenases also take part in the metastasis of many tumors, but little was known about their diagnosis and prognosis. MMP-8, also known as collagenase-2 and neutrophil collagenase, is expressed by many different types of cells including neutrophils, macrophages, plasma cells, T-cells, fibroblasts, and epithelial cells. MMP-8 differs from most other MMPs with its antitumor activity due to its ability to regulate the inflammatory response caused by carcinogens. There is experimental evidence on the protective role of MMP-8 against the formation of melanoma and metastatic Lewis lung carcinoma [28] [29] [30] [31] [32] [33] .
1,3,4-Oxadiazoles have attracted a great deal of interest due to their unique chemical structure. These heterocycles are bioisosteres of amides and esters and they contribute to hydrogen bonding interactions with receptors. They have a broad spectrum of biological activities such as antineoplastic, antiviral, antimicrobial, anti-inflammatory, monoamine oxidase and tyrosine kinase inhibitory effects [34] [35] [36] [37] . On the other hand, 1,3,4-thiadiazoles can easily pass cellular membranes due to their mesoionic nature and liposolubility, thus they display a variety of biological activities. To date, 1,3,4-thiadiazole based compounds have been proven to treat several cancers in vitro and in vivo by targeting the uncontrolled DNA replication/cell division, which is a hallmark of neoplastic diseases. Moreover, the heteroatoms of the thiadiazole can form interactions with biological targets including key kinases that take part in tumorigenesis [38] [39] [40] [41] .
Triazoles, containing three nitrogen atoms in a five-membered ring, show high aromatic stabilization compared to other organic compounds. They are capable of forming hydrogen bonding which is proper for many bioactive molecules. In particular, medicinal chemists focus on their anticancer activity due to their pivotal roles in anticancer drug design as nucleoside based anticancer agents, kinase inhibitors, tubulin modulators, aromatase, and sulfatase inhibitors and metal complex based antitumor agents [42] [43] [44] .
In the light of the above findings, we aimed to synthesize new oxadiazole, thiadiazole, and triazole derivatives and evaluate their in vitro cytotoxic effects on A549 human lung adenocarcinoma and C6 rat glioma cell lines and potential inhibitory effects on gelatinases (MMP-2, MMP-9) and collagenases (MMP-1, MMP-8, MMP-13).
The modality to evaluate the selectivity of drug candidates is to test the effects of them in vitro on cultured normal fibroblasts [45] . For this purpose, the cytotoxicity of the compounds on NIH/3T3 normal mouse embryonic fibroblast cell line was investigated. Moreover, docking studies were performed to confirm the interactions of the most promising anticancer agents at the active site of the MMP-9 enzyme (PDB code: 5I12) [46] .
Results and Discussion
The synthesis of new oxadiazole, thiadiazole, and triazole derivatives (1-9) was carried out according to the steps shown in Scheme 1. Compounds 1-4 were obtained via the reaction of 4-(chloroacetyl)morpholine with heteroaryl thiols, whereas compounds 5-9 were synthesized via the reaction of N-(1,3-benzodioxol-5-ylmethyl)-2-chloroacetamide with heteroaryl thiols in the presence of potassium carbonate.
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The synthesis of new oxadiazole, thiadiazole, and triazole derivatives (1-9) was carried out according to the steps shown in Scheme 1. Compounds 1-4 were obtained via the reaction of 4-(chloroacetyl)morpholine with heteroaryl thiols, whereas compounds 5-9 were synthesized via the reaction of N- (1,3-benzodioxol-5-ylmethyl )-2-chloroacetamide with heteroaryl thiols in the presence of potassium carbonate. Scheme 1. The synthetic route for the preparation of compounds 1-9. Reagents and conditions: (i) Heteroaryl thiol, K2CO3, acetone, r.t., 8 h.
XTT assay was performed to investigate the antitumor effects of the compounds on A549 human lung adenocarcinoma and C6 rat glioma cell lines. Additionally, the cytotoxicity of these compounds against NIH/3T3 mouse embryonic fibroblast cell line was determined to compare their selectivity (Table 1) .
Compounds 1, 8 and 9 showed notable cytotoxic activity against C6 cell line in very similar doses compared to cisplatin (IC50 = 0.103 ± 0.026 mM) with IC50 values of 0.128 ± 0.027, 0.137 ± 0.015 and 0.157 ± 0.016 mM, respectively. Compound 3 showed anticancer activity against C6 cell line with an IC50 value of 0.507 ± 0.049 mM, whereas the IC50 values of other compounds were above the tested dose range. This result clearly indicated that heteroaryl moiety and R group had considerable influence on their antitumor effects on C6 cells. On the other hand, morpholine substituted compounds did not show any cytotoxic activity against A549 cell line, whereas only benzodioxole substituted compounds 8 and 9 showed cytotoxic effects on A549 cell line with IC50 values of 0.125 ± 0.020 and 0.349 ± 0.046 mM, respectively. It is important to note that (1,3-benzodioxol-5-ylmethyl)amino group enhanced antitumor activity against A549 cells. But interestingly other benzodioxole substituted compounds (5, 6 and 7) did not show any cytotoxic activity against A549 cells. This outcome pointed out the importance of the oxadiazole scaffold as well as the substituent at 5th position of the oxadiazole ring for anticancer activity against A549 cells. XTT assay was performed to investigate the antitumor effects of the compounds on A549 human lung adenocarcinoma and C6 rat glioma cell lines. Additionally, the cytotoxicity of these compounds against NIH/3T3 mouse embryonic fibroblast cell line was determined to compare their selectivity ( Table 1) .
Compounds 1, 8 and 9 showed notable cytotoxic activity against C6 cell line in very similar doses compared to cisplatin (IC 50 = 0.103 ± 0.026 mM) with IC 50 values of 0.128 ± 0.027, 0.137 ± 0.015 and 0.157 ± 0.016 mM, respectively. Compound 3 showed anticancer activity against C6 cell line with an IC 50 value of 0.507 ± 0.049 mM, whereas the IC 50 values of other compounds were above the tested dose range. This result clearly indicated that heteroaryl moiety and R group had considerable influence on their antitumor effects on C6 cells. On the other hand, morpholine substituted compounds did not show any cytotoxic activity against A549 cell line, whereas only benzodioxole substituted compounds 8 and 9 showed cytotoxic effects on A549 cell line with IC 50 values of 0.125 ± 0.020 and 0.349 ± 0.046 mM, respectively. It is important to note that (1,3-benzodioxol-5-ylmethyl)amino group enhanced antitumor activity against A549 cells. But interestingly other benzodioxole substituted compounds (5, 6 and 7) did not show any cytotoxic activity against A549 cells. This outcome pointed out the importance of the oxadiazole scaffold as well as the substituent at 5th position of the oxadiazole ring for anticancer activity against A549 cells. Selectivity index (SI) is an important indicator to determine the selectivity of the compounds [47] . In general, a selective anticancer agent can be considered as promising due to its SI value being distinctly higher than 100 [47, 48] . Particularly, SI values higher than 300 indicate high selectivity against cancer cell lines [49] . According to XTT assay, compounds 1 and 9 showed low toxicity against NIH/3T3 cell line with IC 50 values of 0.308 ± 0.037 and 0.888 ± 0.029 mM, respectively, whilst compound 8 did not cause any cytotoxic activity against NIH/3T3 cell line (IC 50 > 1.104 mM) ( Table 1) . The SI values of compound 8 were found as 883.2 and 805.8, which were distinctly higher than 300, against A549 and C6 cell lines, respectively. On the other hand, the SI value of compound 9 was found as 565.6 against C6 cell line. These results pointed out the significance of compounds 8 and 9 as promising candidates to undergo further studies.
Compounds 1, 8 and 9 were also investigated for their inhibitory effects on MMPs (MMP-1, -2, -8, -9 and -13) at 1.3 µM concentration due to their promising antiproliferative effects on A549 and C6 cell lines. Compounds 1, 8 and 9 showed inhibitory effects on MMP-9 (24.78 ± 0.86%, 25.75 ± 2.16%, 30.46 ± 3.27%, respectively). Although compound 1 exhibited inhibitory effect on MMP-8 (15 ± 1.4%), compounds 8 and 9 showed no inhibitory activity against MMP-8. None of the compounds displayed inhibitory effects on MMP-1, MMP-2, and MMP-13. The inhibition percentages of the test compounds and N-isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH) are mentioned in Table 2 . 
Compound (1.3 µM)
Inhibition % (Mean ± SD) MMP-9 is produced and secreted by different types of malignant cells and inflammatory cells. Overexpression of this gelatinase implicated with tumor progression and metastasis. Inhibition of MMP-9 expression showed anti-metastatic effect in various investigations conducted on pulmonary metastasis of prostate cancer, fibrosarcomas, and melanomas [50] . One of the important mechanism associated with anticancer activity seems to be the inhibitory effect on MMP. Thus, the anticancer effects of various compounds related to MMPs have been investigated. Poudel et al. demonstrated that triticumoside suppressed migration via inhibition of MMP-2/9 in A549 cells and it was identified as a potential anti-lung cancer drug [51] . Lee et al. reported that dehydrocordaline, an alkaloid isolated from Corydalis tutschaninovii tuber, exerted anti-metastatic potential via the inhibition of mRNA and protein levels of MMP-7 and MMP-9 in H1299 cells [52] . Data obtained from our current work suggested that potent inhibitory effects of compounds 8 and 9 on MMP-9 enzyme may be responsible for their anticancer effects.
MMP-8, identified as an anti-target enzyme, displays antitumor activity [53] . Cancer incidence has been increased in MMP-8 knockout mice. Some studies have revealed the potential mechanisms of MMP-8 tumor suppressing functions. In one of these studies, expression of MMP-8 in tumor cells tightens their adhesion to the ECM and thereby may directly suppress metastatic behavior. Moreover, various studies suggested that tumors occur more frequently in MMP-8 deficient mice compared with wild-type control and increased inflammation delays wound healing in MMP-8 deficient mice [54] [55] [56] .
Docking studies were also performed for compounds 8 and 9 at the active site of MMP-9 (PDB code: 5I12). Compounds 8 and 9 showed good affinity close to the active site of the enzyme that was previously defined [46] . In Figures 1-3 , the best docking positions of compounds 8 and 9 at the active site of MMP-9 and all interactions between these compounds and MMP-9 were shown and described. The positions of compounds 8 and 9 docked to MMP-9 were detected as similar to each other. At the MMP-9 surface, 1,3-benzodioxol-5-ylmethyl group in both compounds has pi-pi stacking contacts with His226 residue. The acetamido moiety of compound 8 is engaged in metal coordination with the Zn301, whereas the same group of compound 9 presents two H-bonds with the amino acids Glu227 and Leu188, respectively [57] . MMP-8, identified as an anti-target enzyme, displays antitumor activity [53] . Cancer incidence has been increased in MMP-8 knockout mice. Some studies have revealed the potential mechanisms of MMP-8 tumor suppressing functions. In one of these studies, expression of MMP-8 in tumor cells tightens their adhesion to the ECM and thereby may directly suppress metastatic behavior. Moreover, various studies suggested that tumors occur more frequently in MMP-8 deficient mice compared with wild-type control and increased inflammation delays wound healing in MMP-8 deficient mice [54] [55] [56] .
Docking studies were also performed for compounds 8 and 9 at the active site of MMP-9 (PDB code: 5I12). Compounds 8 and 9 showed good affinity close to the active site of the enzyme that was previously defined [46] . In Figures 1-3 , the best docking positions of compounds 8 and 9 at the active site of MMP-9 and all interactions between these compounds and MMP-9 were shown and described. The positions of compounds 8 and 9 docked to MMP-9 were detected as similar to each other. At the MMP-9 surface, 1,3-benzodioxol-5-ylmethyl group in both compounds has pi-pi stacking contacts with His226 residue. The acetamido moiety of compound 8 is engaged in metal coordination with the Zn301, whereas the same group of compound 9 presents two H-bonds with the amino acids Glu227 and Leu188, respectively [57] . From data obtained from our study, it can be concluded that the selective inhibition of MMP-9 might play a role in anticancer effects of compounds 8 and 9.
Materials and Methods

Chemistry
5-Phenyl-1,3,4-oxadiazole-2-thiol (98%) was purchased from Alfa Aesar (Karlsruhe, Germany), whereas other reagents were purchased from other commercial suppliers. Melting points (M.p.) were determined on an Electrothermal 9100 melting point apparatus (Weiss-Gallenkamp, Loughborough, UK) and are uncorrected. IR spectra were recorded on an IRPrestige-21 Fourier Transform Infrared spectrophotometer (Shimadzu, Tokyo, Japan). 1 H-NMR and 13 C-NMR spectra were recorded on a Varian Mercury-400 FT-NMR spectrometer (Agilent, Palo Alto, CA, USA). Mass spectra were recorded on a Shimadzu LCMS-IT-TOF system (Shimadzu, Kyoto, Japan). Thin Layer Chromatography (TLC) was performed on TLC Silica gel 60 F254 aluminium sheets (Merck, Darmstadt, Germany) to check the purity of the compounds.
General Procedure for the Preparation of 5-[(2,4-Dichlorophenyl)amino]-1,3,4-thiadiazole-2 (3H)-thione
The synthesis of 5-[(2,4-dichlorophenyl)amino]-1,3,4-thiadiazole-2(3H)-thione was carried out as described previously [58] .
General Procedure for the Preparation of 4-Amino-5-(phenoxymethyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione
The synthesis of 4-amino-5-(phenoxymethyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione was carried out as described previously [59] . 
General Procedure for the Preparation of Compounds 1-4
A mixture of 4-(chloroacetyl)morpholine (2 mmol) and appropriate heteroaryl thiol (2 mmol) in acetone (10 mL) was stirred at room temperature for 8 h in the presence of potassium carbonate (2 mmol) and filtered. The residue was washed with water and crystallized from ethanol. 
2-{[5-((2,4-Dichlorophenyl)amino)-1,3,4-thiadiazol-2-yl]thio}-1-morpholinoethan-1-one (1). White solid (78%
General Procedure for the Preparation of Compounds 5-9
A mixture of N-(1,3-benzodioxol-5-ylmethyl)-2-chloroacetamide (2 mmol) and appropriate heteroaryl thiol (2 mmol) in acetone (10 mL) was stirred at room temperature for 8 h in the presence of potassium carbonate (2 mmol) and filtered. The residue was washed with water and crystallized from ethanol. 
Cytotoxicity Test
NIH/3T3 Mouse embryonic fibroblast (ATCC ® CRL-1658™, American Type Culture Collection (ATCC), Manassas, VA, USA), A549 human lung adenocarcinoma (ATCC ® CCL-185™, American Type Culture Collection (ATCC), Manassas, VA, USA) and C6 rat glioma (ATCC ® CCL-107™, American Type Culture Collection (ATCC), Manassas, VA, USA) cell lines were used for cytotoxicity tests. NIH/3T3 cell line was used to investigate the selectivity of the compounds, whereas other cell lines were used to determine anticancer activity. All cell lines were incubated according to the instructions of the supplier at 37 • C in a humidified atmosphere of 95% air and 5% CO 2 . NIH/3T3, A549 and C6 cells were seeded at 1 × 10 4 cells into each well of 96-well plate. After 24 h of incubating period, the culture mediums were removed and compound was added to culture medium at 500-3.9 µg/mL doses with a dilution factor of 2 (3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500 µg/mL). After 24 h of incubation, XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay was performed using the In Cytotox-XTT 1 Parameter Cytotoxicity Kit (Xenometrix, Allschwil, Switzerland) as previously described [61] . Inhibition% was calculated for each concentration of the compounds according to the formula below obtained from the instructions of the manufacturer and IC 50 values were estimated by plotting a dose response curve of the inhibition% versus test compound concentrations. All experiments were done in quadruplicates at three different time points, and the results were given as Mean ± standard deviation. Cisplatin was used as a positive control. The stock solutions of the compounds were prepared in dimethyl sulfoxide (DMSO) and further dilutions were made with fresh culture medium. The final DMSO concentration was under 0.1%. Inhibition% = 100 − corrected mean OD sample corrected mean OD solvent controls × 100
SI was also calculated to compare the selectivity of the compounds according to a previous study [62] as follows: SI = IC 50 value for NIH/3T3 cell line IC 50 value for A549 or C6 cell line × 100 IC 50 value greater than any value (>value; as seen in Table 1 ) was taken as the value itself to calculate SI value.
Matrix Metalloproteinase (MMP) Inhibition Assays
MMP-1, -2, -8, -9, -13 colorimetric kits were purchased from Enzo Life Sciences Inc. (Farmingdale, New York, NY, USA). The MMP Colorimetric Drug Discovery Kits are complete assay system designed to screen MMP inhibitors using a thiopeptide as a chromogenic substrate (Ac-PLG-[2-mercapto-4-methyl-pentanoyl]-LG-OC 2 H 5 ). The MMP cleavage site peptide bond is replaced by a thioester bond in the thiopeptide. Hydrolysis of this bond by a MMP produces a sulfhydryl group, which reacts with DTNB [5,5 -dithiobis(2-nitrobenzoic acid), Ellman's reagent] to form 2-nitro-5-thiobenzoic acid, which can be detected by its absorbance at 412 nm. The assays were conducted in triplicate. The UV absorbance was read at 412 nm using a microplate reader (BioTek, PowerWave, Gen5 software, Winooski, VT, USA) at room temperature. NNGH was used as a control inhibitor. Data was expressed as Mean ± SD [63] .
The inhibitor% remaining activity of MMPs was calculated using the following equation:
Inhibitor% activity remaining = (V inhibitor/V control) × 100
The inhibition (percent) of MMPs was calculated using the following equation:
I (%) = 100 − Inhibitor% activity remaining
Docking Studies
Compounds 8 and 9 were docked to the active site of 5I12. Ligands were set to the physiological pH (pH = 7.4) at the protonation step and crystal structure of MMP-9 was retrieved from Protein Data Bank server (PDB code: 5I12). The structures of compounds 8 and 9 were submitted in protein preparation module of Schrodinger's Maestro molecular modeling package. In molecular docking simulations: Glide/XP docking protocols were applied for the prediction of topologies of compounds 8 and 9 at the active site of target structure [64, 65] . The formation of active site in the enzyme was determined from previous studies [46, 57] .
Conclusions
In the present study, we described the synthesis of new oxadiazole, thiadiazole, and triazole derivatives and focused on their antiproliferative effects on A549 human lung adenocarcinoma, C6 rat brain glioma, and NIH/3T3 mouse embryonic fibroblast cell lines. Among these compounds, compounds 1, 8 and 9 showed notable cytotoxic activity against C6 cell line, whereas compound 8 was found to be the most promising anticancer agent against A549 cell line. The mechanistic studies were performed to investigate the inhibitory effects of these agents on gelatinases (MMP-2, MMP-9) and collagenases (MMP-1, MMP-8, MMP-13). Compounds 8 and 9 were found as the most effective MMP-9 inhibitors in this series. Moreover, these agents did not interfere with MMP-8, the protective MMP enzyme in cancer. Docking studies were carried out for compound 8 and 9 on MMP-9 to enlighten the exact positions and interactions of these compounds on the active site of the MMP-9 enzyme. According to docking studies, compounds 8 and 9 showed good binding affinity to the active site of the MMP-9 enzyme.
